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In order to demonstrate the feasibility of eventually using radio interferometry
techniques to measure tectonic motion, a series of interferometry experiments has
been conducted between two antennas at the Goldstone Deep Space Communi-
cations Complex. The primary objective of these experiments was to develop
independent-station instrumentation capable of making three-dimensional baseline
measurements with an accuracy of a few centimeters. To meet this objective,
phase-stable instrumentation was developed to precisely measure the time delay by
means of two-channel bandwidth synthesis. Delay measurements produced by this
instrumentation lead to three-dimensional baseline measurements with a precision
of 2-5 c¢m for the components of a 16-km baseline.

l. Introduction

In the last few years, there has been increasing interest
in developing a system capable of accurately measuring
the relative motion of points separated by distances rang-
ing from 100 km up to intercontinental distances on the
Earth’s crust. Information concerning this far-field motion
is of critical importance in the development of theoretical
models of crustal dynamics. Since crustal motion is about
3-10 cm/year, the measurement accuracy should be about
1-3 cm with about 1 week of data. Radio interferometry is
one technique that holds great promise for fulfilling this
accuracy requirement.
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In order to begin development of a radio system with
few-centimeter accuracy, a series of interferometry experi-
ments has been conducted between two antennas at the
Goldstone Deep Space Communications Complex. The
primary objective of these experiments was to develop
independent-station instrumentation capable of making
three-dimensional baseline measurements with an accu-
racy of a few centimeters. A short Goldstone baseline
(16 km between DSS 12 and DSS 14) was selected so that
transmission media uncertainties and astronomical param-
eters would be relatively unimportant compared with
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radio system limitations. These experiments led to the
refinement of a two-channel approach to bandwidth syn-
thesis, a technique for measuring time delay that was
originally developed by A. E. E. Rogers (Ref. 1). In this
report, the instrumentation, analysis, and results of these
Goldstone experiments are presented.

Il. Radio Interferometer Technique

In the radio interferometry measurements described in
this report, two antennas simultaneously receive the radio
noise generated by an extragalactic radio source, as shown
in Fig. 1. Because of a difference in ray paths, a given
wave front will reach the two antennas at different times.
This difference in arrival times is called the time delay .
In this section, the technique for the measurement of this
delay is described, while a mathematical model for this
quantity is discussed in Section IV.

Since the radio interferometry method has been ana-
lyzed in detail in other papers (Refs. 1-6), it will be
described only briefly in this report. Single-channel inter-
ferometry will be reviewed first, followed by an outline of
two-channel bandwidth synthesis.

In single-channel measurements, each antenna system
records on magnetic tape radio noise centered at fre-
quency o, with bandwidth W,. The tapes are then carried
to a central site for digital processing. In this reduction,
the two data streams are processed to obtain the stopped
fringes (Ref. 5), which, for channel a, are given by

sin (x WgaAr,)
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where the stopped phase is given by
s = €+ wg(1y+ ¢+ 1 — ) ¢ + Co+ R,

In addition,

Ar, =7+t 7+ 10— ™ (2)

In these expressions,
Wy = single-channel bandwidth

wq = effective interferometer bandpass center

Ya
C, = differential charged-particle phase shift

Il

instrumental phase drifts

R, = brightness transform phase

Ty = geometric delay
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7; = differential tropospheric delay
e = differential ionospheric delay

7, = instrumental delays plus clock synchronization
error

rm = model delay
€ = analytical frequency offset
s = peak amplitude

Thus the stopped fringes are a product of an amplitude
factor Ap, a delay curve, sin (xWsAr,)/(xWpAz,), and a
sinusoidal function, cos ¢,. The amplitude factor depends
on the brightness transform in addition to signal and sys-
tem noise temperatures. The delay curve is a measure of
bit stream alignment in the time domain, including all
group delay effects. This particular form for the delay
curve assumes that the system bandpass is rectangular
with a linear phase-versus-frequency response, an approxi-
mation of negligible error for the purposes of this experi-
ment. Finally, ¢, describes the phase behavior of the sys-
tem. In this phase is buried the geometric delay ,, the
observable of primary interest in these measurements.
Note that, since the ionosphere is a dispersive medium,
the ionosphere effect has been expressed as a phase shift
in the fringe phase and as a delay in the total group delay.

The next step in the data reduction is to determine the
fringe phase ¢; by a process known as phase tracking
(Ref. 5), a technique that fits a least-squares sinusoid to
the stopped fringes U,. After ¢, (¢) is extracted as a func-
tion of time, the analytical offset €t is removed in a man-
ner that gives the correct sign (Ref. 5) to the resulting
residual phase. The theoretical behavior of this measured
residual phase Ag, is given by

A¢a:wa(7g+75+71_1'm)+¢a+Cﬂ+R” (3)

The adjective “residual” denotes the fact that, in effect,
the data reduction process subtracts a model delay (7.,)
from the fringe phase. This “phase stopping” procedure
removes most of the time-varying components of the
total delay.

Because fringe phase can be determined only to within
a constant (2n+), narrow-band, single-channel interferom-
etry can essentially measure only phase changes. There-
fore, if residual phase is measured over a short time
interval, it is essentially a measure of residual fringe fre-
quency given by

AVGEA(];a:ma(;g‘f‘;'t +';I_7.'m> +§La+éa+i{a (4)
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where A, is the time derivative of the phase extracted
from the fringes. This time derivative is insensitive to the
z-component of the baseline, since that particular projec-
tion does not change appreciably as the Earth rotates.
Consequently, a measurement of delay is essential if three-
dimensional baseline measurements are to be made. This
requirement for delay measurements lead to the develop-
ment of two-channel bandwidth synthesis.

In two-channel bandwidth synthesis, the output of each
antenna system is alternately switched between two
narrow-band channels. For example, during even seconds,
both systems would record a bandpass centered at o,,
while during odd seconds, both would record at «;. For
channel o, the stopped fringes and fringe phase expres-
sions would be identical to Eq. (1) and Eq. (2), except that
the subscript @ is replaced by b. An example of two-
channel stopped fringes (Eq. 1) with one-second switch-
ing is shown in Fig. 2. On this Goldstone baseline, this
radio source, 3C 454.3, has a correlated flux strength of
about 10 flux units (one flux unit = 10-2 W /m?/Hz). The
amplitude noisc on the fringes comes primarily from sys-
tem noise (recciver, source, and background noise). This
plot, which exhibits the first 30 s from a 600-s tape-pair,
displays fringe points containing 0.5 s of data recorded at
a 48-kilobit /s rate. Alternate scconds in the plot switch
between fringes from two channels centered at 2270 MHz
and 2310 MHz. The stopped fringe frequency is about
(.1 Hz in both channels and is due primarily to an ana-
lytical rate offsct € in the phase model used in fringe stop-
ping. This offset allows a determination of the sign (Ref. 5)
of the residual fringe frequency Av, and Av, (Eq. 4).

Fringe phase plots obtained from these fringes are
shown in Fig. 3. Each phase point contains 50 s of data
(100 fringe points of the type in Fig. 2), while the entire
plot covers a complete tape-pair (600 s). In the plot, the
crror bars on the phase points represent the phase error
produced by the actual amplitude noise on the fringes.
The slope of each of these phase plots is a measurement
of residual fringe frequency represented analytically in
Eq. (4). Since an accurate model delay was used in the
data reduction, the phase slopes are relatively constant
over one tape. The small nonlinear trends (=0.03 cycle =
0.4 cm) that arc present could be due to ionospheric
effects. (Nonlinear trends due to large a priori delay errors
would be quadratic in appearance over this short time
interval.) Fringe frequency values obtained from the
phase slopes are important interferometer observables
and arc utilized as shown in Section V.

In addition to the frequency observable, the measured
delay values can be obtained by combining the phase out-
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put of the two channels as follows:

Adg — Ady

AT =

(5)

Wgq wp

This computed value will be referred to as the a priori
residual delay. The use of the term “residual” means that
a model delay has in effect been subtracted from the total
delay, leaving a much smaller value. In combining the two
phase outputs, care must be taken to avoid 2~ ambiguities
(Ref. 53). When computing Ar, one can assume that the
channel separation w, —e; is essentially exactly known,
since frequency calibration is accurate to parts in 102,

An example of a delay calculation is shown in Fig. 4,
where the phase values have been combined from Fig. 3.
Note how the systematic phase trends in Fig. 3 have dis-
appeared in the difference, which in effect has scaled
phase variations at S-band down to much lower levels at
40 MHz, the synthesized bandwidth. A covariance analy-
sis indicates that the observed noise on these delay values
comes almost entirely from the amplitude noise on the
fringes. Over one tape, the residual delay A7 is essentially
constant due to an accurate delay model r,,. Therefore,
these delay values are averaged to produce one delay
measurement for each tape-pair. After averaging, the
resulting delay values, one for each tape-pair, become
the primary observables of the interferometer system.

Note that, if the phase error in A¢, and A¢; is indepen-
dent of frequency, the delay precision improves as the
channel separation, v, — «, increases. For this reason, the
observing frequencies are generally separated as far as
possible. As discussed in Section III, the maximum chan-
nel separation is determined by the bandpass limits of
the antenna system.

The theoretical behavior of the measured delay is given
by the expression (Ref. 5)

— i o~ Y
AT:AT,-+M:Tg+71+7t+7{\’_“7m+"u

wq T W Oq T W)
(6)

In the present measurements, the instrumental phase dif-
ference ¢, — ¢y introduces a long-term linear drift in the
measured delays. This drift is due primarily to a fre-
quency offset between the frequency standards at the two
stations. This term, as well as the other components of
the measured delay, will be modeled in Section IV.

In summary, the data on each tape-pair are reduced to
two observable values—time delay and fringe frequency.
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Before proceeding to a discussion of the mathematical
model for delay and the fitting procedure, the experi-
ments and their instrumentation will be described.

lIl. Experiment Description

Over the last two years, five separate radio interferom-
etry experiments, which are summarized in Table 1, have
been conducted between DSS 12 and DSS 14 at the
Goldstone Deep Space Communications Complex. All
experiments involved S-band observations, JPL. H-maser
frequency standards, and a 24-kHz bandwidth digital
recording system developed by D. S. Robertson and
A. H. Legg of the Weapons Research Establishment,
Australia. As indicated in Table 1, the various experi-
ments were between 7 and 14 hours in duration and
involved 13 to 18 radio sources. The sources used in the
last four experiments are described in Table 2.

In the first Goldstone experiment (Ref. 2), one narrow-
band (24-kHz bandwidth) channel of radio noise was
recorded, so that only the fringe frequency observable
was precisely obtained. An analysis of the resulting fre-
quency observables revealed frequency instability at the
1-mHz level (Af/f = 5 X 10-%%) over several hours. As
indicated in Ref. 2, the HP5100 synthesizers associated
with the first local oscillator (LO) signal were the most
likely source of this instability. Consequently, in subse-
quent experiments, the synthesizers were replaced by
more stable X7 multipliers, which will be described below.

After this first experiment, instrumentation was also
developed to measure time delay in addition to fringe fre-
quency. The technique adopted for delay measurements
required the measurement of more than one channel of
radio noise. This technique, commonly called bandwidth
synthesis (Refs. 1 and 5), combines, either directly or
indirectly, the fringe phase information of band-limited
channels recorded at frequencies whose separations are
large compared to that of the single-channel bandwidth.

In the original application of the bandwidth synthesis
technique (Ref. 1), six channels were recorded in a time-
shared mode. However, because of signal-to-noise ratio
(SNR) improvement and simplification of instrumenta-
tion, we employed instrumentation that recorded only
two channels. The only disadvantage of the two-channel
system is that sufficiently precise a priori delay informa-
tion is required to avoid 2= ambiguities (Ref. 5). Since
delay measurement precision improves as channel separa-
tion increases, the goal of the instrumental design was to
obtain maximum channel separation within the restric-
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tions of the DSN antenna systems. In the final system, the
maximum separation was defined by the limits of the
traveling wave maser (TWM) receiver bandpass.

For the second experiment, a relatively simple instru-
mental configuration was devised to demonstrate the
feasibility of the two-channel approach to bandwidth
synthesis. In this intermediate system, which will not be
described here in detail, two channels separated by
10 MHz at S-band were heterodyned to intermediate fre-
quency (IF) and added. This combined signal was then
heterodyned to baseband and continuously sampled at a
48-kilobit/s rate. While this system pays a price in SNR,
it avoids the complications of simultaneous recorder chan-
nel switching at the two stations. This intermediate instru-
mentation demonstrated the feasibility of the two-channel

approach and helped perfect the final instrumentation
described below.

The final configuration used for bandwidth synthesis is
shown in Fig. 5. In this system, a 10-MHz signal from the
H-maser is converted to a 2240-MHz first LO signal by
using only multipliers—-the standard X4X8 multipliers of
the DSN system and a new X7 multiplier. This X7 multi-
plier, which was constructed! to avoid the use of a synthe-
sizer, converts the input sinusoid to a square wave, then
filters and amplifies the seventh harmonic.

In order to achieve maximum channel separation and
better delay precision, the S-band traveling wave maser
receiver bandpass was broadened by retuning the trim
coil currents. In this retuned state, the receiver exhibited
ample amplification over a 40-MHz interval (2270 to
2310 MHz) while maintaining an operating system noise
temperature less than 30 K. Therefore, after mixing with
the first LO signal at 2240 MHz, the edges of the receiver
passband were placed at 30 MHz and 70 MHz. However,
this frequency spread exceeded the bandpass of the stan-
dard first mixer /preamplifier, which possesses adequate
gain only over 45 to 55 MHz. Consequently, the standard
mixer,/preamplifier was replaced by a similar module with
a bandpass between 10 and 160 MHz, thercby making the
system TWM-limited. This IF passband was then filtered
into two channels—one centered at 30 MHz and thce other
at 70 MHz. Each channel was mixed with a 20-MHz signal
derived from the H-maser and each mixer response was
appropriately filtered to place both channels at 50 MHz.
At this point, each channel was transferred on alternate
seconds to the video converter. The video converter mixed
the input IF signal to baseband with a 50-MHz signal
derived from the H-maser. The resulting time-shared

1R. L. Sydnor, Telecommunication Research Section, JPL.
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baseband signal was then passed through a 24-kHz band-
pass filter before digital sampling and recording at a
48-kilobit/s rate.

IV. Time Delay Model

The residual delay Ar observed in radio interferometry
measurements is a sum of geometric, instrumental, and
transmission media delays, as indicated in Eq. (6). This
section outlines the model adopted for these terms in the
observed delay, starting with the largest and most impor-
tant term, the geometric delay.

As indicated in Fig. 1, a given wave front will reach the
two antennas of the interferometer at different times. It is
readily shown that the geometric delay is given by the
expression (Ref. 3)

AN AN
B-S V.S
7= — <1+ - > (7

c C

where B is the baseline vector between the two antennas,
S is the apparent source direction, V. is the velocity of
antenna 2, and c is the speed of light. Note that the geo-
metric delay is essentially the instantaneous geometric
path difference multiplied by a small correction that
accounts for the motion of antenna 2 during the wave
transit.

In the present analysis, true equatorial coordinates of
date (TECD) are chosen as the coordinate frame for geo-
metric delay calculations. In this Earth-centered right-
handed frame, the z-axis is along the instantaneous spin
axis of Earth while the x-axis is along the true equinox of
date. The source vector B and the baseline vector S can
be expressed in terms of these coordinates as follows.

In TECD, the source vector S is usually characterized
by two angles—apparent declinations 8§, and apparent
right ascension a.. These angles lead to the usual expres-
sion for the source vector:

AN
S = (cos §; cos a;, cos §, sin ay, sin §) (8)

The term “apparent” indicates the presence of a correc-
tion to the source direction that accounts for aberration
due to the Earth’s orbital motion (Refs. 3 and 7). In addi-
tion, precession and nutation of the Earth’s spin axis
(Refs. 7 and 8) are included to rotate to TECD from mean
equatorial coordinates of 1950.0 since the 1950.0 frame is
conventionally used to catalogue source positions. In the
present short-baseline measurements, these corrections
are easily made with adequate accuracy.
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The baseline vector B must include two general fea-
tures: an Earth-fixed definition and Earth orientation fac-
tors. The Earth-fixed vector, B,,, is defined in terms of a
right-handed coordinate frame with a z-axis toward the
Conventional International Origin (CIO) pole and X-axis
along the Greenwich meridian. It will be represented in
Cartesian coordinates as follows:

Bo: = (x4, Yo, 2p) (9)

where xy, y, are the equatorial components and z; is the
z-component, as schematically indicated in Fig. 1.

At this point in the discussion of the baseline vector, a
definition of antenna location is desirable. The effective
location of an antenna depends on antenna structure.
Most directional antennas have two primary axes of
rotation that allow antenna orientation. For DSS 14, an
azimuth/elevation antenna, the rotation axes intersect.
By geometrical considerations, one can show that this
point of intersection is the effective antenna location.

On the other hand, DSS 12 is a polar mount, for which
the rotation axes are nonintersecting. In this case, the
effective location is the point at which the hour-angle
axis orthogonally intersects a plane containing the decli-
nation axis. Therefore, for this polar mount, one must
include the correction factor b cos 8, in delay calculations,
where b is the shortest distance between the two axes.
This correction factor accounts for the fact that this type
of antenna “stretches toward” low-declination objects. For
DSS 12, the axis separation b is 6.706 m and is easily
accounted for with adequate precision.

The baseline vector B rotates in space as a result of
polar motion and Earth spin. To account for those mo-
tions, the Earth-fixed baseline vector is rotated to its
instantaneous orientation in TECD as follows:

B(t) = R.R,B.; (10)

where the Earth spin matrix is given by the expression

cosay; —sSinag; 0
R. = sinag cosa; O (11)
0 0 1

and the polar motion matrix is given by

1 0 -X,/a
R, = 0 1 Y, a (12)
X,/a —Y,/a 1
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In these expressions, the angle a¢ is the hour angle of
the equinox at the time of interest and is easily obtained
from universal time (UT1). Parameters X, and Y, are the
polar displacements relative to the CIO pole, while a is
the polar radius. See Ref. 3 for more detail concerning
these Earth orientation factors.

The expressions above for B and'S are easily combined
to calculate the geometric delay for a given source. It
should be noted that the model for the geometric delay
outlined above neglects general relativistic effects which,
for longer baselines, may be significant.

In these experiments, no corrections were made for
ionospheric effects. In all the measurements reported here,
radio sources were observed at night when ionospheric
delays, inhomogeneities, and turbulence were at a mini-
mum. At S-band, the nighttime ionosphere causes about
a 1-m delay along a single ray path at a typical eleva-
tion angle (=30 deg). However, the difference in iono-
spheric delays along the two interferometer ray paths
is the important quantity in delay measurements. Since
nighttime observations involve a relatively homogeneous
ionosphere, this difference for a 16-km baseline will be a
small fraction of a single ray-path delay. As we shall see,
the delay residuals in the present experiments strongly
indicate that differential ionosphere delays were less than
6 cm. Below the 6-cm level, differential ionosphere correc-
tions, even if they were available, would be of marginal
value in the present delay measurements. However, as
discussed in Section VI, the frequency residuals contain
an unmodeled noise term at the 0.1-mHz level that could
possibly be an ionospheric effect.

The total troposphere delay for a single ray path is
about 4 m for a typical elevation angle. In the present
work, small corrections are made to the delay observables
to remove small known differences (<15 cm) in tropo-
spheric delays along the two ray paths. These differences
arc a consequence of Farth curvature as well as a slight
altitude difference (40 m) between the two antennas. The
altitude difference produces a 1-cm difference in the “dry”
component of the zenith tropospheric delay. The Earth’s
curvature leads to elevation angle differences that cause
differential troposphere corrections as large as 10 cm. It is
believed that, with these corrections, the differential “dry”
troposphere delay becomes a negligible source of error.
The total “wet” troposphere delay for one ray path at
Goldstone is only 10-20 centimeters at typical elevation
angles. For a 16-km baseline with only small changes in
altitude, the difference in the wet troposphere between
ray paths should be only a small fraction (<10%) of the
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single ray path delay. It is estimated that, with the listed
corrections, the total troposphere effect in the delay ob-
servable becomes a negligible source of error (<3 cm).

Finally, with regard to the present instrumentation,
the instrumental terms (r;, ¢, — ¢3) in the measured delay
(Eq. 6) can be adequately modeled as a constant plus
a linear drift, where the constant and slope are used as
solve-for parameters.

V. Fitting Procedure

As outlined in Section II, the reduction of each tape-
pair gives the residual delay Ar and fringe frequency Av
for a particular radio source observed for a 12-min inter-
val. In order to extract the baseline vector, the delay
and frequency values from many tape-pairs recorded for
many radio sources must be simultaneously fit by a least-
squares technique using a model for the delay. The con-
struction of a mathematical model for the geometric de-
lay was outlined in Section IV. This section outlines the
weighted least-squares fitting procedure used to extract
the Goldstone baseline.

In these short-baseline measurements, uncertainties in
the geometric delay due to errors in source location and
Earth orientation factors (polar motion, UT1, precession,
nutation) are small compared with instrumental errors.
That is, all of these factors have been measured with suffi-
cient accuracy by other methods so that they may be
treated as “known” quantities in delay calculations. For
the radio sources in these experiments, source locations
have been independently measured with an accuracy of
0.2-0.9 arc seconds, as indicated in Table 2. The posi-
tion errors in this table represent approximate external
accuracy, conservatively estimated in some cases by
root-sum-squaring the quoted internal errors with 0.3 arc
second. The adequacy of these measurements can be
demonstrated by the following approximate calculation.
A typical value for the sensitivity partials in the present
experiments is approximately 0.1 ns/arc second. When
this sensitivity is multiplied by a typical source location
error of about 0.5 arc second, a delay error equal to 0.05 ns
(1.5 cm) results. This delay error is small compared with
a typical system noise error of about 7 em. Similar detailed
calculations for all sources in Table 2 indicate that these
source positions are adequate for present delay model cal-
culations. By similar arguments, one can show that polar
motion and UT]1, which are known with about 0.03 arc
second accuracy (Ref. 9), also contribute negligible errors
in delay calculations. The BIH values for UT1 — UTC
and polar motion parameters are listed in Table 3. Finally,
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known errors in the models for precession and nutation of
the Earth’s spin axis contribute crrors less than 0.2 arc sec-
ond (Ref. 8), and may be regarded as negligible. There-
fore, only the three baseline parameters must be regarded
as solve-for parameters in the geometric delay.

In addition to the geometric delay parameters, the ob-
served delay contains unknown offset and linear drift
terms which are equivalent in effect to a synchronization
error and rate difference between clocks. The linear drift
is duc mainly to a small uncalibrated rate difference be-
tween the H-maser frequency standards. In the fringe
frequency observable, the rate difference becomes a con-
stant frequency offset. In principle, the frequency offset
and the delay rate offset should be equal. However, as
will be shown, the fringe frequency observable contains
extra noise considerably above the expected system noise.
In addition, the frequency observable contains elements
of the frequency system that cancel in the delay observ-
able. For these reasons, the two rate factors are varied
independently in the fit so that the frequency offset can
freely scck its own level without coupling in a corrupting
fashion with the delay observable. However, comparison
of the two rate offsets is one means of judging the quality
of these measurements.

Under these assumptions, the complete models? for the
residual delay and fringe frequency observables become

or, cT, o7, . .
A'ri =T 4 _3,\‘), -+ = 4 ._&y;, f = 4 -l:'b T T + T_¢t;
CXp | Uy | S
(13)
vy vy , _ .
Av; = = Ax, o= AV/ /SR N i= LN, (14)
CXn | Yo |

where Arj, A are the a priori residual delay and fringe
frequency for the ith tape-pair recorded at time 5, and N,
is the total number of tape-pairs.

The terms in Eqgs. (13) and (14) have been accounted
for as follows. The first terms with partials are the usual
lincar expansions of the residual geometric delay, 7, — 7,
where Ax;, Ay, and Az, arc the solve-for deviations from
the three components of the a priori baseline used in 7.
The delay terms r, and 7, account for the instrumental
phase cffects entering in the difference A¢, — Ag¢,. The
paramcter v, is the offset in the fringe frequency observ-
able. As indicated in Section 1V, transmission media de-

*The geometric fringe frequency is defined by vy = wary.
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lays are assumed to be a negligible source of error after
small tropospheric corrections. Thus, there are six solve-
for parameters in the fitting procedure: Axs, Ays, Azy, T,

.
Tgy Vg

Extra frequency noise, which is discussed in Section VI,
reduced the strength of the fringe frequency observables.
Normally, if only system noise is present, each channel
contributes a statistically independent measure of fringe
frequency. The extra frequency noise in the present exper-
iment was almost perfectly correlated between channels.
This correlation meant, in effect, that the two channels
produced only one independent fringe frequency mea-
surement for each tape-pair.

In order to simultaneously fit the delay and frequency
observables, the fitting equations (Eq. 13 and 14) are more
conveniently expressed in the following form:

u=Ap (15)
where
ATy
Ar Axg
Ayb
' Azy
u —= ATA\YI 7) - (16>
Ts
Av, .
. T
Vi
AT)’t
and
0ty 01y O74
— — 1 ¢t 0
?xb 1 Zyb 1 8zb 1 I
ory| oy o7,
— 1 ¢t 0
0%, El/b ) 0z ' 5 N
or, o7y or,
I A A ) T
A Xy A Pyb x, aZb ¥, Y (17)
Cvg ?‘l/g
— P 0 0 0 1
?’xb 1 ayb L
T A
axb v, 9yh ¥

JPL TECHNICAL REPORT 32-1526, VOL. XIX



The weighted least-squares solution for p is given by
the standard matrix expression (Ref. 10)

P = (ATWA)* ATWuy (18)

where the diagonal weighting matrix W is given by

1
s 0
0'-“,1
1
o3,
1
oy,
W = (19)
1
of,
0 1
N

ot

In the absence of a priori information concerning the
model parameters, the vector P is the best estimate of the
solve-for parameters. In the weighting matrix W, ¢, and
ov, are the total measurement error (1o) on each delay and
frequency observable. In this solution, it is assumed that
the noise on a given observable is uncorrelated with the
noise on any other observable, so that the off-diagonal
elements of W are zero. For the present experiments, this
assumption can be partially justified as follows. Delay and
frequency observables are uncorrelated since, as revealed
by the fits, the dominant uncertainty in delay is system
noise, while in the frequency observable, the dominant
uncertainty is due to some unmodeled noise source, prob-
ably unpredictable ionospheric variations. The observ-
ables obtained from different tape-pairs are uncorrelated
with regard to system noise. It is assumed that the un-
modeled frequency noise is also uncorrelated between
tape-pairs.

The a priori observable noise was assigned on the basis
of instrumental factors: system noise temperature and fre-
quency standard noise.

ot = at (s) + o3 (f) (20)

of, = ai (s) + a3 (f) (21)
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where s denotes system noise and f denotes frequency
standard noise. The system noise contribution to each
observable was calculated by a covariance analysis based
on amplitude noise on the fringes. (The fringe signal-to-
noise ratio in this experiment is determined primarily by
the usual factors: system noise temperature, correlated
flux, and bit count per fringe point.) The frequency stan-
dard noise terms were assigned the following values based
on typical JPL hydrogen maser stability (Af/f =~ 10%). In
the frequency domain, expected H-maser frequency noise
is about 23 uHz at S-band for 700-s integration times. In
the time domain, the effective delay (phase) noise intro-
duced by the oscillators is estimated to be about 0.08 ns
for 8 h of data. This delay noise cstimate is considerably
below the standard estimate (A7, =~ 10-'* X 8 h =~ 0.3 ns)
because of the least-squares fitting procedure. That is, the
delay offset and linear drift parameters contained in the
fit absorb most of the delay excursions due to H-maser
instability.

After a given fit, the best estimate of the fit function is
given by

w=Ap (22)

The fit residuals for this process are given by the difference
between the observables and the fit function:

Au=u—1u (23)

Before the final simultancous fit to both delay and fre-
quency observables, preliminary fits were made inde-
pendently to each observable type. These preliminary fits
were used to establish the actual noise level in each
observable type and to check for consistency in the result-
ing baseline (equatorial component) solutions. In the first
independent fit to a given observable type, the weighting
errors were assigned the a priori values based on instru-
mental factors in Eqs. (20) and (21). On the basis of this
first fit using instrumental error estimates, fit residuals can
be calculated for the data type under investigation. The
noise exhibited by these residuals can be tested for con-
formity with the a priori error estimates by means of chi-
square analysis. The fit chi-square is calculated according
to the standard expression
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where h denotes cither the delay or the frequency data
type and oy, is the a priori error in each observable. The
quantity N, is the number of degrees of freedom given by

N/':Nt”Nn (25)

where N, is the number of solve-for parameters (N, is 3
for frequency observables and 5 for delay). If the fitting
assumptions are correct, it can be shown that the chi-
square value will be given on the average by

1
< x> :I.Oiw (26)

If the preliminary chi-square, based on instrumental noise,
falls considerably above this range (> 2¢), then either the
observable model is inadequate or the observable noise is
higher than expected.

In the present data reduction efforts, the preliminary
chi-square for a given data-type did fall above the allowed
range in certain cases. However, in those cases, the extra
noise on the residuals appeared to be uniformly distrib-
uted with no trends or singularly bad points. Therefore,
the total noise on that observable type was uniformly
increased by adding an extra error term as follows:

o, = o}, (s) + o3 (f) + N3 (27)

1

for delay observables and
of, = oy, (s) + o2 (f) + N (28)

for frequency observables. The least-squares fit was then
rerun for that data-type and the extra error term (N, or N,)
was adjusted to make chi-square equal to 1.0. Formally,
this procedure assumes that the total observable noise con-
tains, in addition to the expected instrumental noise, an
extra noise source that affects all tape-pairs equally with-
out correlations between tape-pairs. The principal argu-
ment in favor of this error adjustment procedure is that
it is the simplest reasonable assumption that one can make
when confronted with large, uniformly random residuals
due to an unmodeled noise source. Furthermore, since
large uniform residuals indicate degradation of the solu-
tion, this procedure, in a gross sense, accounts for this
degradation in the fit and in the resulting covariance
analysis for parameter errors.

After the observable noise was determined indepen-
dently for each observable type by means of the chi-
square analysis outlined above, the resulting observable
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weighting errors were used in a simultaneous fit to the
delay and frequency observables to determine the base-
line. This procedure was repeated for each experiment
in Table 1, producing one baseline measurement per
experiment.

After the final simultaneous fit, including error adjust-
ments, the covariance error for the solve-for parameters
was calculated by the standard expression (Ref. 10)

(0,)% = (ATWA);} k=1N, (29)

where

g, = (U%’ Oyps Oapy 07,5 075 ovs)

These covariance error values will be referred to as the
formal precision.

VI. Results and Discussion

The Goldstone baseline has been measured in five sepa-
rate experiments by means of radio interferometry. The
first of these experiments, in January, 1971, involved only
fringe frequency measurements. Since that experiment
has been described in a previous report (Ref. 2), only the
resulting baseline value will be included here. This sec-
tion will outline the fitting results for the four subsequent
bandwidth synthesis experiments. The fits to the delay
observable will be discussed first, followed by the fringe
frequency results.

The delays observed in the first bandwidth synthe-
sis experiment are shown in Fig. 6. This set of observa-
tions covered about 14 h and involved 15 separate radio
sources. Each data point represents the delay value ob-
tained from one 12-min tape-pair. These delays were mea-
sured using two 24-kHz channels separated by 10 MHz
at S-band with H-maser frequency standards at each sta-
tion. Note the delay offset and the linear drift that has
been introduced by the instrumentation. The scatter in
these delay values is due to an intentional 4-m bias in
the a priori baseline that maps into a delay error which
changes as the antennas move from source to source. After
a least-squares fit for the baseline vector, delay offset, and
delay rate, the delay values in Fig. 6 produce the reduced
residuals in Fig. 7. Note that these residuals exhibit a
fairly uniform scatter and an RMS spread of 4.7 ns.

Delay values measured in the second experiment
(8/16/72) are shown in Fig. 8. In this case, the two 24-kHz
channels were separated by 40 MHz, as discussed in Sec-
tion III. This set of observations covered about 8 h and
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involved 15 separate radio sources. Again, the scatter in
delay values is due to an intentional error in the a priori
baseline. After the least-squares fit, this wide scatter is
reduced to the small delay residuals in Fig. 9 with an
RMS spread of 0.5 ns. By contrasting these residuals with
the residuals of the 10-MHz system in Fig. 7, one readily
sees the improved precision of the larger synthesized
bandwidth (note the scale change).

For the 40-MHz system, delay noise due to system noise
temperature was 0.1-1.0 ns for correlated source strengths
between 1 and 10 flux units. H-maser flicker noise (af /f =~
10-4) should contribute negligible delay noise (=0.08 ns)
for 8-h fit intervals. In the fit to the delay observables in
the first 40-MHz experiment (Fig. 9), an additional noise
term N, equal to 0.25 ns had to be included to bring the
delay chi-square value down to its proper range (see Sec-
tion V for a discussion of observable noise adjustment).
Because of this extra noise, the instrumentation configura-
tion was checked for possible noise sources. In that con-
figuration, the upper channel was on the wing of the
system bandpass, down 30 dB from the bandpass center.
In order to eliminate the possibility of differential phase
instability due to this situation, the system bandpass was
broadened by removing the S-band preselector in the
DSIF recciver and by adjusting the maser magnetic field
for the last two experiments. When the delay data were
analyzed for these two reconfigured experiments, no extra
delay noise was required to place the delay chi-square in
its proper range. This fitting result is readily ascertained
graphically by noting that the delay residuals for the last
two experiments, Figs. 10 and 11, are less noisy than the
residuals in Fig. 9. An upper limit on possible unmodeled
noise sources can be established by increasing the noise
term N- to the level that causes x? to fall below 1.0 by 2¢.
For the last two experiments, the value of N; required for
such a x° reduction is 6 cm. This result indicates that no
unexpected (e.g., noninstrumental) noise sources greater
than 6 cm were present in the delay observable.

The fact that the delay residuals were at the system
noise limit places an upper bound on the differential iono-
sphere delays since the ionosphere effect should exhibit
a fairly random sign and magnitude. That is, as the an-
tennas move from source to source, the interferometer
ray paths pierce areas of the ionosphere hundreds of
kilometers apart. Since one would expect localized spatial
inhomogeneities (<16 km) to be dissimilar over such a
wide range, the differential ionosphere delays are prob-
ably fairly random and appear as delay noise. Therefore,
because the delay residuals place a limit on additional
noise, the differential ionosphere delays were evidently
less than 6 cm.
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In the fringe frequency fits, the residuals exhibited a
random distribution with an rms spread of 0.1-0.2 mHz.
An example of the frequency residuals is shown in Fig. 12.
In all experiments the noise observed in the frequency
residuals was considerably above thé expected instru-
mental noise. For example, the expected instrumental
frequency noise due to system noise temperature is 20-
60 pHz for correlated source strengths between 3 and 10
flux units. In addition, H-maser flicker noise can con-
tribute an uncertainty of about 25 nHz. However, for the
last four experiments, the fitting procedure outlined in
Section V required an additional noise term N, equal to
0.1-0.2 MHz to bring the frequency chi-square down to
its proper range. The origin of this extra noise could easily
be the ionosphere. For example, if the differential iono-
spheric delay changed by 1 cm in 700 s (one tape-pair),
the frequency effect would be 0.15 mHz at S-band. Since
the ionosphere delay for a single ray path is 1 m, differen-
tial delay changes of this magnitude (1%) seem reasonable.

The baseline components produced by all five experi-
ments are shown in Table 4 and in Figs. 13 and 14. Note
that as the frequency system stability improved and as
bandwidth synthesis was introduced, the formal precision
in the equatorial components steadily improved from
30 cm to about 3-5 cm. For the z-component, the improve-
ment in measurement precision is even more dramatic.
The first experiment (January, "72) did not determine the
z-component, since only fringe frequency was measured.
The second experiment (April, "72), with a 10-MHz syn-
thesized bandwidth, measured the z-component with a
formal precision of 45 c¢m. The last two experiments,
utilizing a 40-MHz synthesized bandwidth, determined
the z-component with a formal precision of about 3 cm.
The three baseline components are easily combined to
give the total length plotted in Fig. 14. Note that for all
three components and the total length, all interferometry
baseline measurements are in excellent agreement within
the formal precision. This agreement indicates that the
formal covariance errors described in Section V are accu-
rate estimates of actual precision for the present system.

The baseline vector between DSS 12 and DSS 14 has
also been determined by conventional survey techniques
(Ref. 11) as indicated in Figs. 13 and 14 and in Table 4.
Note that the length of the baseline vector obtained by
geodetic traverse is in excellent agreement with the inter-
ferometry result. However, the results for the three com-
ponents do not agree, particularly the z-component where
the disagreement is about 60 cm (30). Both the interfer-
ometry and survey techniques are being investigated to
determine the source of this disagreement.

45



VIl. Summary and Conclusions

A series of Goldstone baseline (16-km) measurements
have been conducted to demonstrate the feasibility of
eventually using radio interferometry to monitor tectonic
motion. In the course of these experiments, frequency-
and phase-stable instrumentation was developed to allow
delay measurements by means of two-channel band-
width synthesis. The final system synthesized a 40-MHz
bandwidth using a 24-kHz bandwidth digital recording
system and H-maser frequency standards. The delay
measurements .produced by this system lead to precise
three-dimensional baseline measurements. Because of
instrumental improvements, the formal baseline precision
improved from 30 cm to 4 cm with about 8 hours of data.
In the last measurements, the delay residuals were found
to lic at the system noise limit. This fact indicates that
those delay obscrvables were free of unmodeled noise

above the 6-cm level. In addition, the three most pre-
cise baseline measurements were in excellent agreement
within the expected statistics, which indicated a formal
precision of 2-5 cm for the various components. This
agreement strongly indicates that formal baseline errors
produced by covariance analysis were good estimates of
the actual precision of the present system.

Since instrumental precision is independent of baseline
length, these Goldstone measurements demonstrate the
feasibility of measuring baseline vectors of several thou-
sand kilometers with ultimate accuracies of 1-4 cm. How-
ever, attainment of this accuracy for longer baselines will
require additional calibrations for transmission media
effects and whole-Earth motions such as universal time
(UT1), polar motion, precession, and nutation.
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Table 1. Summary of Goldstone interferometry experiments

Experiment basmﬁ,z §/c11Hz OEnggf 1}(1)11 Talgg:;?efirs SI:)IS'rggs Observables
A (T1/1/29) — 11 37 14 Frequency
B(72/4/4) 10 14 37 15 Frequency, delay
C (72/8/16) 40 8 25 15 Frequency, delay
D (72/10/14) 40 7 24 18 Frequency, delay
E (72/10/18) 40 7 19 13 Frequency, delay
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Table 2. Sources used in Experiments B-E*

Position (1950.0)

Approximate

Observationsa
Source - . c&)lg‘e(l?fle;l per experiment Reference

P 0106 + 01 1 6 448 =+ 0.024 119 1.45 + 0.3 1.7— 25 B(1) C(2)
D(1) E(0) 12

DW 0224 + 67 22441.14 =+ 0.033 67 739.61 £ 0.5 11— 1.7 B(0) c1)
D(2) E(2) 13

P 0237 — 23 23752.62 =+ 0.033 —2322 6.0 =+ 0.32 45— 55 B(0) C(2)
D(3) E@Q) 12

3C 84 31629.55 =+ 0.02 4119522 + 0.3 10 —13 B(0) cQ)
D(1) E(2) 14

NRAO 190 440 527 =+ 0.033 —02320.0 =+ 045 25— 3 B(2) C(0)
D(1) E@2) 12

3C 138 518 16.525 + 0.024 16 35 26.75 + (.36 5 — 6 B(0) c()
D(1) E(1) 12

P 0521 — 36 52112.95 =+ 0.028 —363016.0 + 0.68 25— 3 B(0) C(0)
D(1) E(1) 15

P 0736 + 01 73642.53 =+ 0.028 143599 =05 2 B(0) C(0)
D(1) E(0) 15

4C 55.16 831 4.38 =+ 0.05 5544 41.8 + 0.4 8 B(3) C(0)
D(1) E(1) 16

P 0834 — 20 8342456 =+ 0.04 —20 629.7 + 045 2 B(3) Cc(0)
D(1) E(1) 12

P 1127 — 14 1127 35.61 = 0.033 —143254.0 + 0.45 3 — 5 B(4) Cc(0)
D(0) E(0) 12

3C 273 12 26 33.239 =+ 0.013 2194328 = 0.2 15 —20 B(6) C(0)
D(0) E(0) 17

3C 309.1 1458 56.70 = 0.06 715210.8 = 0.32 3 — 35 B(4) Cc(1)
D(0) E(0) 12

3C 345 1641 17.56 =+ 0.033 3954107 + 0.36 7 — 8 B(4) C(©2)
D(1) E(0) 12

NRAO 530 1730 13.43 =+ 0.04 —13 2462 = 0.54 25— 3 B(0) ci)
D(1) E(0) 12

P 1741 — 038 17 4120.61 =+ 0.033 —348492 =+ 05 25— 3 B(1) c(1)
D(1) E(0) 13

3C 371 18 71849 =+ 0.04 69 48 57.55 + 0.36 15— 2 B(2) C@)
D(1) E(1) 12

P 2134 + 004 2134 528 =+ 0.033 028259 =+ 0.5 55— 7T B(2) C(1)
D(2) E(1) 18

VRO 42.22.01 22 039.31 + 0.04 42 2 90 +04 55— 7 B(2) C(@3)
D(2) E(3) 16

P 2203 — 18 22 325.675 + 0.028 —185016.8 + 0.28 35— 5 B(1) C(4)
D(2) E(1) 12

3C 454.3 29 51 29.485 + 0.033 15 52 54.45 = 0.45 10 —11 B(1) Cc(©2)
D(1) E(1) 12

P 2345 — 16 © 23459770 + 0.028 —1647527 =+ 0.42 25 B(1) (1)
D(0) E(0) 15

aSee Table 1.
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Table 3. Time and polar motion parameters used in
Experiments B-E

R UT1 — UTC, Xp/a Yp/a
Experiment s arc sgcond arc sfacond
B 4/4/72 —0.356 —0.192 +0.185
C 8/16/72 +0.244 +0.102 +-0.433
D 10/14/72 +0.068 +0.164 +0.315
E 10/18/72 +0.055 +0.167 +0.306

Table 4. Goldstone baselinez measurements

Experiment

X-component,
m

Y-component,
m

Z-component,
m

Total length,
m

A (1/29/71)

—317840 = 0.20

10636.9 = 0.30

Not measured

B (4/4/72) —3178.57 =+ 0.11 10637.08 = 0.08 11423.34 =+ 045 15929.33 + 0.33
C (8/16/72) —3178.515 + 0.047 10637.111 = 0.073 11423.103 =+ 0.055 15929.167 + 0.042
D(10/14/72) —3178.548 = 0.025 10637.041 =+ 0.045 11423.154 + 0.034 15929.164 + 0.021
E (10/18/72) —3178.568 + 0.026 10637.132 + 0.046 11423.115 + 0.033 15929.196 + 0.031
Survey

1963-66 —3178.73 =+ 0.20 10636.64 =+ 0.20 11423.67 =+ 02 15929.30 + 0.2

eDSS 14-DSS 12.
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Fig. 1. Geometry of radio interferometry experiments
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Fig. 2. Stopped fringes for two-channel bandwidth synthesis
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Fig. 3. Fringe phase values for two-channel
bandwidth synthesis
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Fig. 4. An example of a delay calculation with two-channel
bandwidth synthesis
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Fig.6. A priorf delay residuals for Experiment B
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NV T T T
DATE: 8/16/72
BASELINE: DSS 14 - DSS 12
|- SYNTHESIZED BANDWIDTH: 40 MHz .
RECORD RATE: 48 kilobits/s
FREQ SYSTEMS: JPL H-MASERS
| OBSERVING FREQ: S-BAND _
o o]
o} © ©
° 5 o
0
(@] o0 o ©
L o} o Q)
o o]
o
o] o]
le)
oo
] | 1 | ] |
0 5 6 7 8 9 10 1 12
GMT, h

Fig. 8. A priori delay residuals for Experiment C
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Fig. 9. Fit delay residuals for Experiment C
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Fig. 11. Fit delay residuals for Experiment E
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Fig. 12. Fringe frequency residuals for Experiment E
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